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Abstract
Separation methods involving a mixture of metals typically include upfront processing
that leads to one final product. To lower the waste and ultimately environmental burden, the
potential to synthesize multiple functional products from a mixed metal precursor solution is
explored. The initial precursor solutions contained varying ratios of gold and copper, gold and
nickel, and finally a ternary solution of gold, copper, and nickel. The amount of gold was kept
constant, while the amount of copper and/or nickel was sequentially increased. Two separate
synthesis processes were tested, the traditional Turkevich method involving trisodium citrate and
another chemical reduction method involving sodium borohydride. The particle size and
chemical composition of the synthesized particles were characterized using TEM, DLS and ICPOES. It was determined that gold nanoparticles still formed at a ratio of 1 to 2 gold to copper
while using trisodium citrate or sodium borohydride as the reducing agent. The same limiting
ratio was observed for the gold to nickel reactions in the presence of either trisodium citrate or
sodium borohydride. The ternary mixture limit for gold nanoparticle formation was a molar ratio
of 1 to 1 to 1 gold to copper to nickel. The repeatability and stability results for the optimized
binary reaction conditions indicate that using sodium borohydride as the reducing agent
consistently produces more stable particle suspensions. Quantifying the environmental impact
using green chemistry metrics indicate the Turkevich reactions for the optimized reactions have
the lower environmental factors.
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Chapter 1 - Introduction
1.1 Motivation

Gold nanoparticles are considered the most commonly used nanoparticles due to their wide
range of applications including medicine, biotechnology and catalysis.1 Synthesis methods for
gold nanoparticle production typically use a 99.9% pure gold chloride powder. However, pure
gold is in a deficit and is estimated to be depleted within the next 50 years.2 To combat this
issue, recycling of electronic waste is on the rise. Methods to refine electronic waste include
smelting of the waste and then leaching of the final gold product using large amounts of acid. To
lower the waste and environmental burden of upfront separation methods, a mixed metal
precursor solution could be used to create gold nanoparticles. The purpose of this study is to test
the feasibility of this hypothesis using a model system containing varying ratios of copper and
nickel, to that of gold, and conduct nanoparticle synthesis and analysis.

1.2 Background on Turkevich and Sodium Borohydride Methods

Publications on the synthesis of colloidal gold by the reduction of trisodium citrate date back
to 1940.3 The method has since become known as the Turkevich method and the most
commonly described growth mechanisms are an “organizer model”, Finke-Watzy kinetics and
seed-mediated growth.4
The “organizer model” was developed by Turkevich and his coworkers.5 This model was
determined by the measurement of nucleation rates by electron microscopy. The results of this
study displayed number of particles versus time as a sigmoid curve. The “organizer” is the
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citrate ion, which becomes oxidized to acetonedicarboxylic acid in the induction period. This
induction period is then followed by a fast increase in the number of particles, a linear increase
and then a decrease in rate.6 The main disadvantage of this theory is that it stopped short of
describing the reactions in terms of equations.
Later, Finke and Watzy proposed a two-step mechanism, a slow continuous nucleation
followed by a fast, autocatalytic surface growth.
𝐴

"#

𝐵

𝐴+𝐵

(1)
"&

2𝐵

(2)

Equation 1 describes the nucleation process of gold, while equation 2 describes the growth
process of the nanoparticle. A is the nanocluster precursor and B is the surface of the growing
precursor. The equation was derived from data collected via a gas-liquid chromatography (GLC)
and nuclear magnetic resonance (NMR) using cyclohexene hydrogenation as the reaction of
interest. This mechanism has also been used to fit the sigmoid curve of the Turkevich data.6,7
The seed-particle growth mechanism was introduced by Polte and is broken down into
four steps.8 The first step is the reduction of the chloroauric acid (HAuCl4) to form Au0. In step
two, these Au0 clusters form seed particles that the remaining gold salt “grow on” in step three.
In step three, the gold ions are attracted to the electronic double layer (EDL) of the seed particles
and are reduced slowly and then quickly in step four until all the HAuCl4 is consumed. Thus
according to this model, the final particle count is determined by step two of the growth
mechanism and does not change past this step.4,9 Below is a diagram taken from “Turkevich in
New Robes” to visualize the mechanism.
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Figure 1. Diagram of the seed-mediated growth mechanism. Reproduced with permission from
Ref. 4.

To determine what influences these growth mechanisms, reaction parameters such as
temperature, citrate to gold ratio, pH and order of the reactants have been studied. In regards to
changing the temperature of the reaction, the speed of the reaction increases with increasing
temperature, but there is conflicting information on the relationship with particle size.4,7,10 At
varying temperatures, Tran et al. used ultraviolet-visible spectroscopy (UV/VIS) and
transmission electron microscopy (TEM) to determine gold nanoparticle size at varying citrate to
gold ratios. Particle sizing showed no direct relationship with temperature for any of the gold to
citrate ratios investigated, 4.33:1, 3.50:1, 1.75:1 and 1.50:1.10
Keeping the HAuCl4 concentration at 0.25mM, Ji et al. varied citrate ratios and determined
the effect on particle size using TEM images. The group found that particle size decreased with
increasing citrate to gold ratio, up until 3.5:1. From a ratio of 3.5:1 to 28:1, the particle size
increased. After a 28:1 citrate to gold ratio, the particle size remained constant.11 Kimling et al.
confirmed that particle size decreases with increasing citrate to gold ratio up to 1.5:1 for larger
concentrations of gold, 1.2mM and 1.6mM HAuCl4.12 This group did not explore as wide of a
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ratio range as others, and the community agreement is that the final diameter of a gold
nanoparticle remains unchanged for a large range of citrate to gold ratios.13
Instead of citrate playing the most influential role in particle growth, it is the initial pH of
the solution. Between a pH of 0 and 1.5, no reduction takes place because the H+ is too high for
the buffer capacity of the citrate. Between a pH of 1.5 to 2.3, reduction will take place, but the
solution is not stable. Between a pH of 2.3 and 2.7, the size of nanoparticles is large and
uncontrolled due to the fact that the buffer capacity of trisodium citrate is still insufficient. The
ideal conditions are between a pH of 2.7 and 4. Between this range, particle size increases with
increasing pH. This is the ideal buffer capacity of trisodium citrate to shift the reaction
equilibrium far enough to stop the growth of seed particles. Past a pH of 4, the particle size
continues to grow but is polydisperse due to slow formation.4
Lastly, the order of reactants has been found to have an effect on reaction rate and
particle growth. Ojea-Jimenez et al. heated the trisodium citrate first and then added the
HAuCl4, compared to the traditional method of heating the HAuCl4 first. By comparing the two
methods with TEM and UV/VIS, this study found that heating the trisodium citrate first leads to
an increase in nucleation and growth rate and thus a smaller polydispersity.14 Schulz et al. later
confirmed the results and provided an even smaller deviation in particle size with optimized pH
controls and mixing.15
Additional reducing agents have been studied for the synthesis of gold nanoparticles,
mainly sodium borohydride. Sodium borohydride is often used to produce gold nanoparticles in
organic solutions, using the Brust-Schiffrin method. However, the reducing agent can be used to
synthesize gold nanoparticles in aqueous solution as well.16
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Like the reduction of gold nanoparticles with trisodium citrate, Polte et al. studied the
growth of particles reduced with sodium borohydride. Using X-ray adsorption near edge
spectroscopy (XANES) and UV/VIS, the group determined that all Au3+ is reduced to Au0 in the
first 100 ms of the synthesis. The nuclei start at 0.8 nm and then grow to around 1.7 nm. After
this process, the number of particles starts to decrease as the nuclei coalescence into
nanoparticles. However, since the nuclei are forming larger particles the total volume of all gold
nanoparticles in the solution remains constant.8 This concept is similar to that of the seed-growth
mechanism of trisodium citrate, yet there is no process in which gold ions are reduced and
“growing” on seed particles.
Due to the small size of sodium borohydride reduced particles, they are primarily used to
grow nanorods or add as a modification layer on electrodes.17–19 For stabilization of the
particles, Kenneth et al. and Tapan et al. added trisodium citrate as a capping agent.18,19 Jana et
al. used cetrimonium bromide (CTAB) as a capping agent for the additional purpose of its
influence in making nanorods.17
To determine the optimum concentration of sodium borohydride on the reduction of
HAuCl4, while using trisodium citrate as a capping agent, Jingyue and Bernd of Aachen
University synthesized gold nanoparticles particles at varying dilutions of sodium borohydride.
Using TEM to analyze the particles, the study concluded that sodium borohydride can be diluted
to control the reduction process and create less polydisperse and irregularly shaped particles.20
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1.3 Literature Review of Previous Mixed Metal Gold Nanoparticle Synthesis

Previous mixed metal precursor work explores the relationship of copper in the presence of
gold to catalyze the reaction or to form non-spherical nanoparticles. Georgiev et al. synthesized
gold nanoparticles in the presence of copper at 1:250 molar ratio compared to that of gold.21 The
reaction conditions were that of the traditional Turkevich method, using trisodium citrate as the
reducing agent. The study extracted atomic force microscopy (AFM) and UV/Vis spectroscopy
data at various stages during the reaction to analyze the Finke-Watzy kinetics of the reaction.
Georgiev et al. concluded that increasing the amount of copper ions in the presence of HAuCl4,
increased the Finke-Watzy rate constants.
Additional literature studied the effect of copper in the presence of gold to create cube and
rod shaped gold nanoparticles. Wen et al. synthesized gold nanorods in the presence of copper
ions under acidic conditions and using CTAB as a capping agent.22,23 The affinity of copper ions
to oxygen, remove oxygen for the gold atom surface, leaving a gold surface suitable for etching.
CTAB and the acidic conditions also play an important role in the etching process. CTAB
provides the Br- to bind and stabilize the gold ions, while the reshaping process shows an
exponential dependence to acidic conditions. The study used copper ions from copper chloride
and copper nitrate. Sun et al. conducted a similar study but used copper ions from copper
sulfate.24
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1.4 Green Chemistry and Engineering Applied to Nanoparticle Synthesis

Green nanoscience strives to meet basic green chemistry principles by increasing the efficiency
of a process with a smaller surface area of materials.25 Combining nanoscience and green
chemistry can reduce environmental impacts and improve conservation of resources. Further,
controlling processes at a molecular level allows for greater assessment and potential to remove
hazards.
The framework for designing processes and products in relation to environmental
sustainability is provided by the 12 principles of green engineering.26 Principle 1 states that as a
first step, the inherent nature of a material or energy input should be as nonhazardous as possible.
This step reduces hazards in the overall process and prevents cleanup steps. Principle 2 builds
on this idea, as it states prevention of waste is preferred rather than treatment of waste.
Thoughtful consideration of inputs at the beginning of a project can design inputs to be part of
the desired output. This eliminates a product that is unable to be used effectively and thus must
be treated as waste. Principle 3 designs for separation and purification by minimizing the energy
input of the process. Ideally, processes would be designed for self-separation by using properties
such as solubility and volatility. Otherwise, column chromatography or distillation is needed,
and this is often inefficient or requires a large volume of solvents. Principle 4 considers design
that maximizes mass, energy, space and time. Inefficient reaction conditions generate more
product volume than needed. This issue can be resolved by selecting the appropriate reactors
and operating conditions. Principle 5 uses Le Chatelier’s principle of equilibrium to draw the
reaction to completion by continuously removing outputs from the system. This inherent
readjustment of the system to relieve the stress of removing outputs prevents use of excess
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energy or material. The rule of principle 6 is that high complexity, or high entropy processes,
should be considered for reuse, while low complexity processes should be recycled. The
recycling of a complex input or output can lead to more energy required for the disablement than
generation. Principle 7 strives for durability rather than immorality of a product. Everlasting
products can lead to waste disposal issues. Instead, products should be designed to be durable
but with end-of-life considerations. Thus, a product should be able to be maintained but ideally
biodegradable past the point of use. Principle 8 minimizes excess design. A product that is over
engineered, or designed beyond the need of the product, creates additional components requiring
disposal. Principle 9 strives to minimize material diversity that can lead to extra components
requiring disposal. Design of input selection can be used to reduce the need for additives in
materials that complicate recycling. Principle 10 designs with available material and energy
flows. For example, heat generated by an exothermic reaction can be used to drive other
reactions, or generation byproducts can become feedstocks. Principle 11 considers “afterlife” of
a product during the initial design. This ensures components of products can be recovered once
a product has completed its commercial use. Principle 12 designs for energy inputs that are
renewable. This principle puts to use recyclable materials from other processes rather than using
or making new materials. Thus the 12 principles of engineering have come full circle by
designing renewable outputs and using renewable inputs.26
These 12 principles can be applied when designing greener nanomaterials. Table 1 is
adapted from “Towards Green Nano” and “Towards Greener Nanoparticles”, that directly relates
each green engineering principle to the design of greener nanomaterial.27,28
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Table 1. Correlation between green engineering principles and the design for greener
nanomaterials.27,28
Green Engineering Principles

Design for Greener Nanomaterials

G1. Inherent rather than circumstantial

Design for safer nanomaterials
(G1, G11)
G2. Prevention rather than treatment
Design for reduced environmental impact
(G2, G7, G9, G11)
G3. Design for separation
Design for waste reduction
(G2, G3, G7, G9, G11)
G4. Maximize mass, energy, space and time Design for process safety
efficiency
(G1, G2)
G5. Output-pulled
Design for materials efficiency
(G3, G4, G8, G10, G12)
G6.Conserve complexity
Design for energy efficiency
(G4, G5, G6, G10)
G7. Durability rather than immortality
G8. Minimize excess
G9. Minimize material diversity
G10. Integrate material and energy flows
G11. Design for afterlife
G12. Renewable rather than depleting

Similar to green engineering principles, green chemistry also has 12 principles. These
principles compliment the green engineering principles and are listed below.28
1.

Waste Prevention

2.

Atom Economy

3.

Less hazardous synthesis

4.

Safer chemicals

5.

Safer Solvent

6.

Energy Efficiency

7.

Renewables

8.

Reduce Derivatives

9.

Catalysis

10.

Design for degradation

11.

Real-time analysis

12.

Inherently safer chemistry
18

To quantify how well a chemical process achieves sustainability, green chemistry metrics
are used. The most common metrics used are environmental factor (E-factor), Product Mass
Intensity (PMI) and Atom Economy (AE). E-factor is defined as total waste in kilograms per
kilogram of product. The ideal E-factor is zero, or no waste generated in a process. E-factor can
include calculations with and without solvents. PMI is the total mass used in kg over the total
mass of the product in kilograms. PMI does not take into account water used in the process and
can be used in parallel with E-factor. E-factor plus 1 equals product mass intensity. AE is the
molecular weight of the final product over the molecular weight of the reactants. AE does not
take into account yield of the reaction or unreacted solvents. 29,30
Each metric described portrays a different sustainability aspect of the reaction. E-factor
highlights the waste used in the reaction. PMI takes into account yield, stoichiometry and the
solvents used in a reaction. AE simply looks at a molecular weight percentage based on the
process reaction. Thus, all of these metrics will be needed to analyze gold nanoparticle synthesis
from a mixed metal precursor.
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Chapter 2 – Project Rationale
This study investigated the influence of the presence of copper, nickel, and copper plus
nickel on the synthesis of gold nanoparticles employing Turkevich synthesis conditions. The
study began with a replication of the literature data at 250 more times gold than copper derived
from gold chloride and copper sulfate precursors respectively.21 Syntheses were conducted up to
a molar ratio of 25 more times copper than gold, in order to model the ratios present in electronic
waste.31
To determine if a lower ratio of gold to copper could be implemented to synthesize gold
nanoparticles, a stronger reducing agent, sodium borohydride was also used. Process conditions
were based on the Aachen study, and the precursor and sodium borohydride were diluted 10
times before synthesis to reduce polydispersity.20 Once again, the synthesis ratios began at 250
more times gold than copper and continued incrementally to 25 more times copper than gold.
Beyond a ratio of 1:1 gold to copper, for both reducing agents, the UV/VIS curves start to
broaden and the absorbance peak decreased. Studying the ratios following this shift, the lowest
gold to copper ratio where spherical, stable gold nanoparticles form was identified and analyzed.
The study was then extended to gold and nickel and then a mixture of gold, nickel, and copper to
more accurately mimic the composition of electronic waste.
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Chapter 3 - Experimental Methods
3.1. Trisodium Citrate Synthesis Procedure
The gold chloride stock solution was prepared at 5.2 mM in MilliQ water. Stock solutions
of copper sulfate and nickel chloride were also prepared in MilliQ water. The stock solution of
copper sulfate was 1.22 M and the stock solution of nickel chloride was 1.3 M. These were the
highest molarities needed at the ratio of 1:25 Au:Cu and 1:25 Au:Ni. All other molarities were
made by diluting the sample in a 10 ml volumetric flask.

8.4 mL of MilliQ water and 0.5 ml of 1% trisodium citrate were heated to 90°C under
magnetic stirring at 900 RPM in a 20 mL Erlenmeyer flask. Once the reaction solution reached
90°C, 1 ml of 5.2 mM tetrachloroauric acid(HAuCl4●H2O) and either 0.1 ml of copper sulfate
hydrate(CuSO4●H2O), 0.1 ml nickel chloride hydrate(NiCl2●6H2O), or 0.1 ml consisting of 0.05
ml CuSO4 and 0.05 ml NiCl2 were added dropwise to the Erlenmeyer flask. The copper sulfate
and nickel chloride were varied in molarity based on the ratios as described in the following
paragraph. The reaction solution was removed from the hotplate after 7 minutes. If particles
began to visibly agglomerate, the Erlenmeyer flask was removed from the hot plate sooner.
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3.2. Sodium Borohydride Synthesis Procedure

A stock solution of HAuCl4 was made in MilliQ water at a molarity of 6.31 mM. A stock
solution of sodium borohydride (NaBH4) was made in MilliQ water at a molarity of 0.02 M. The
same 1.22 M copper sulfate and 1.3 M nickel chloride solution were used as in the trisodium
citrate reaction. All other molarities of copper sulfate and nickel chloride were made by diluting
the sample in a 10 ml volumetric flask.
Once all stock solutions were prepared, 1 ml of 6.31 mM HAuCl4 plus 1 ml of the molarity
of interest for copper sulfate or nickel chloride was added to a 10 ml volumetric flask containing
8 ml of ice cold water. For the ternary reactions, 1 ml of 6.31 mM HAuCl4 was added to 0.5 ml
CuSO4 and 0.5 ml NiCl2 at the molarity of the ratio of interest. 1 ml of the stock 0.02 M NaBH4
was added to another 10 ml volumetric flask containing 9 ml of ice cold water. The gold metal
mixture solution was then transferred to an Erlenmeyer flask in an ice bath and stirred at 900
RPM. 254 µl 1% trisodium citrate was added to the Erlenmeyer flask solution. At 1 minute, the
entire 10 ml of the 0.02 M NaBH4 was added dropwise over a time span of 3 minutes. After
adding the NaBH4, the reaction was continued for 15 minutes. If particles began to visibly
agglomerate, the Erlenmeyer flask was removed from the ice bath sooner.

3.3. Analytical Methods

3.3.1. Absorbance measurements

At the end of each synthesis, the ultraviolet-visible absorbance spectra was measured
using an Agilent 8453 UV/VIS spectrometer to determine the presence of gold nanoparticles.
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All mixed metal measurements were made with suspensions contained in 1 ml plastic cuvettes.
Solutions made with copper and trisodium citrate and copper and sodium borohydride were
measured using a quartz cuvette, to clearly determine if there was a peak at 250 nm. The
wavelength range measured from 200 nm to 900 nm.
3.3.2. Particle Sizing and Zeta Potential

A Malvern Zetasizer Nano ZS was used to measure particle hydrodynamic size and zeta
potential. Hydrodynamic size is represented by dynamic light scattering (DLS). Each DLS
measurement given in the results section is an average of three measurements recorded on the
same sample. Each zeta potential measurement given in the results section is the average of four
measurements recorded on the same sample.
A JEOL JEM-1230 Transmission Electron Microscope (TEM) was used to measure the
physical particle size and determine the particle shape and the agglomeration / aggregation state.
TEM samples were prepared by adding 4 µl of sample to a copper TEM grid with Formvar
support film. Some grids were loaded with a diluted sample at a 1:1 ratio of initial sample to
MilliQ water. All samples were allowed to dry while covered with a Petri dish for at least two
days.

3.3.3. Elemental analysis

Particle elemental analysis was conducted using Energy Dispersive Spectroscopy (EDS)
and Electron Energy Loss Spectroscopy (EELS) with an FEI Titan to confirm that only gold
nanoparticles were forming. The same sample grids used for imaging with the JEOL JEM-1230
TEM were used in the FEI Titan.
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Percent yield in the final solution was determined using an Agilent VDV Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The samples were prepared for
ICP-OES as follows: 500 µl each of all the final reaction solutions was acid digested in 1 ml
trace grade aqua regia at 60°C for an hour followed by further digestion at room temperature
overnight. To determine the metal composition of the solid and liquid phases of the final
nanoparticle suspension, 2 ml of sample was placed in an ultracentrifugal filter centrifuge tube
with 8 kDa size cut off. The tube was centrifuged at 4,000 x g for 55 minutes. After the 55
minutes, only solid remained in the filter. 400 µl of trace grade aqua regia was added to the filter
to dissolve the solid. This liquid was then placed in a scintillation vial to digest at 60°C for an
hour and then at room temperature overnight. 100 µl of the supernatant was added to 400 µl
trace grade aqua regia in a scintillation vial. The solution digested at 60°C for an hour and then
at room temperature overnight.
After digestion all 1:1 and 1:2 Au:Cu, Au:Ni and Au:Cu:Ni solutions were diluted in a 5
ml volumetric flask. 1 ml of this diluted solution was then diluted further in a 5 ml volumetric
flask. All dilutions were made with MilliQ water.
After digestion all 1:10 and 1:25 Au:Cu, Au:Ni and Au:Cu:Ni solutions were diluted in a
10 ml volumetric flask. 1 ml of this diluted solution was then diluted further in a 10 ml
volumetric flask. All dilutions were made with MilliQ water.
Blank and standard solution for the ICP-OES were prepared from 1000 ppm stock
analytical solutions with 2% trace grade aqua regia. Standards with concentrations ranging from
0, 1, 5, 25, 50, 125, 200 ppm were made for gold. Standards with concentrations ranging from
0.5, 1, 5, 15, 25, 50 ppm were made for both nickel and copper.
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Chapter 4 - Results and Discussion
4.1 Au/Cu Synthesis

4.1.1 Trisodium Citrate Results
The study began with the synthesis of the highest ratio presented in the Georgiev article.21 When
the amount of copper present in the mixture began to affect the height and distribution of the 520
nm absorbance peak indicative of gold nanoparticle formation, further analysis was conducted.
Appendix A contains the UV/VIS spectroscopy results for the syntheses of the varying ratios of
gold to copper. At a molar ratio of 1:1 gold to copper, the height of the 520 nm absorbance peak
decreases and begins to broaden. Figure 2 highlights the UV/VIS data of this peak and the
following higher copper ratios.
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Figure 2. UV/VIS absorbance spectra for ratios of Au:Cu, influenced by the presence of copper,
using trisodium citrate as a reducing agent.

To determine if any copper complexes were forming during the synthesis of the gold
nanoparticles with the reduction of trisodium citrate, four reactions were conducted with only
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copper sulfate. The molarities of the copper sulfate used were that of the 1:1, 1:2, 1:10 and 1:25
Au to Cu synthesis conditions.
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Figure 3. UV/VIS graph of reactions with copper sulfate and trisodium citrate at varying
molarities.
In Figure 3, there is a defined peak at 250 nm with 0.047 M copper sulfate and 0.094 M
copper sulfate. Although there is noise for the other two molarities at this range, it can be
assumed that as the amount of copper sulfate increases, so does the absorbance peak around 250
nm. As mentioned in the Georgiev article, an absorbance peak around 250 nm is indicative of
copper citrate.21 There is also a slight absorbance peak around 750 nm for the copper sulfate
reactions. This is also a phenomena of copper citrate.21 Thus, as the synthesis progresses, there
are two reactions occurring. One is the creation of gold nanoparticles and the other is the
formation of copper citrate.

HAuCl4 + H2O + Na3(C6H5O7)

Au(s) + CO2(g) + C5H6O5(aq) + H2O + NaCl(aq)

CuSO4 + H2O + Na3(C6H5O7)

Cu3(C6H5O7)(s) + Na2SO4(aq) + H2O
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According to Figure 2, gold nanoparticles are forming at a molar ratio of 1:1 Au:Cu and 1:2
Au:Cu. The presence of gold nanoparticles was also verified with EELS and EDX, as shown in
Appendix C. To determine the physical properties of the particles forming at these ratios, TEM
and DLS measurements were conducted.
A

B

Figure 4. TEM images of A) 1:1 Au:Cu and B) 1:2 Au:Cu reduced with trisodium citrate.
A

B

Figure 5. TEM images of A) 1:10 Au:Cu B) 1:25 Au:Cu reduced with trisodium citrate.
As seen in Figures 4 and 5, spherical gold nanoparticles form at a ratio of 1:1 Au:Cu and
1:2 Au:Cu. Ratios of 1:10 and 1:25 Au:Cu show aggregates. TEM and DLS sizing data are
given below in Table 2. The TEM results of the 1:1 Au:Cu data have a larger standard
distribution, which is attributed to possible overloading of the grid. Overloading the TEM grid
can cause agglomeration of particles when drying.4 Both the 1:1 Au:Cu and 1:2 Au:Cu contain
18 nm particles in their TEM size distribution, which is consistent with the finding reported in
the Georgiev study.21 When reporting the DLS data, the size with the highest intensity peak was
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reported due to the polydispersity of the particles. The DLS data containing the complete size
distribution are found in Appendix B.
Table 2. TEM and DLS comparison of 1:1 Au:Cu and 1:2 Au:Cu particles reduced with
trisodium citrate.
TEM
STD

1:1

AVG
(nm)
20

1:2

13

DLS
PDI

20

AVG
(nm)
30

5

98

0.50

0.61

A main aim of this study was to determine the lowest gold to copper ratio where stable,
spherical gold nanoparticles could form. Stability was defined as stable in solution for the
measurement of DLS and UV/VIS particles, which usually occurred up to week after the initial
reaction. For gold in the presence of copper, reduced with trisodium citrate, this ratio was 1:2
Au:Cu. Thus, triplicate experiments were performed at this condition to determine the
repeatability of the process.
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Figure 6. UV/VIS results of triplicates of 1:2 Au:Cu reduced with trisodium citrate.
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Figure 7. TEM results of triplicates of 1:2 Au:Cu reduced with trisodium citrate.

Two of the three triplicates have the same wavelength peak of 535 nm. The first reaction
had a wavelength peak of 526 nm. The smaller wavelength peak is indicative of smaller
particles and this coincides with the TEM measurements given in Table 3. The DLS data is
again representative of the size distribution peak with the highest intensity. The DLS data is
naturally larger than the TEM data due to the fact that the DLS data takes into account the
hydrated particle size and the TEM does not. In addition, the DLS data is larger because of the
polydispersity of the sample. The polydispersity index (PDI) is greater than 0.1.
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Table 3. TEM and DLS data of the 1:2 Au:Cu triplicates reduced with trisodium citrate.
Triplicate Number

STD

1

TEM AVG
(nm)
13

PDI

5

DLS AVG
(nm)
59

2

18

6

55

0.79

3

19

6

63

0.96

Average

17

--

59

--

Standard Deviation 3.1

--

4

--

0.59

Table 4. Zeta Potential of the 1:2 Au:Cu triplicates reduced with trisodium citrate.
Triplicate Number

Zeta Potential

1

-17.6

2

-16.0

3

-9.3

Average

-14.3

Standard Deviation

3.6

The average zeta potential of -14.3 mV is classified as relatively stable.32 Factors
influencing the zeta potential of the 1:2 Au:Cu trisodium citrate system are ionic strength and
pH. Adding copper sulfate to the system adds Cu2+ and SO4- ions. Increasing the ionic strength
of the system decreases the zeta potential. The pH of the final solution was found to be 4.60 on
average. Determining the isoelectric point of the colloidal solution would allow one to
determine how far this pH is from where the solution will aggregate.
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The pH can also confirm what is complexing in the solution according to the Pourbaix
diagrams. At pH 4.60 and a potential of 0.014 V, Au(s) and Cu+ are stable. This confirms the
equations presented earlier, that copper citrate and gold nanoparticles are forming under the
reaction conditions.33

4.1.2 Sodium Borohydride Results
Sodium borohydride is a stronger reducing agent than trisodium citrate. Thus, to
determine if gold nanoparticles form at a lower gold to copper ratio than that achieved with
trisodium citrate, a series of reactions were conducted using sodium borohydride as the reducing
agent. The starting ratio of gold to copper was the same as the trisodium citrate study, 250:1
Au:Cu. The UV/VIS results of varying the ratio from 250:1 to 1:25 Au:Cu can be seen in
Appendix A. As with the trisodium citrate, the UV/VIS 520 nm gold nanoparticle peak began to
shift and broaden at a ratio of 1:1 Au:Cu. These UV/VIS results are highlighted in Figure 8.
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Figure 8. UV/VIS graph of those ratios of Au to Cu using trisodium citrate as a reducing agent
influenced by the effect of copper.
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To determine if any copper complexes were forming during the synthesis of the gold
nanoparticles with the reduction of sodium borohydride, four reactions were conducted with
solely the presence of copper sulfate. The molarities of the copper sulfate used were that of the
1:1, 1:2, 1:10 and 1:25 Au to Cu synthesis conditions.
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Figure 9. UV/VIS graph of copper sulfate with sodium borohydride at varying molarities.

The UV/VIS spectroscopy showed peaks at 250 nm for the 0.011 M and 0.006 M
concentrations indicating copper sulfate. The 0.057 M and 0.158 M concentrations did not show
a distinct peak at 250 nm. However, we can assume due to the upward direction of the
absorbance that there is a peak in this region hidden by noise from the instrument. At the
concentrations of 0.057 M and 0.158 M CuSO4, the reaction solution also turned a yellowbrown. This color change indicates the formation of copper nanoparticles. However, the
particles were not stable and fell out of solution, thus there is no copper nanoparticle peak at 562
nm.34,35 According to these results, potential reactions for the reduction of gold nanoparticles in
the presence of copper with sodium borohydride are below.
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HAuCl4 + H2O + Na3(C6H5O7)

Au(s) + CO2(g) + C5H6O5(aq) + H2O + NaCl(aq)

CuSO4 + H2O + Na3(C6H5O7)

Cu3(C6H5O7)(s) + Na2SO4(aq) + H2O
Cu(s) + B(OH)3(aq) + Na2SO4(aq) + H+

CuSO4 + H2O + NaBH4(aq)

According to the UV/VIS absorbance peak in Figure 8, gold nanoparticles area clearly
forming at a ratio of 1:1 Au:Cu and 1:2 Au:Cu. To confirm the UV/VIS spectroscopy results,
TEM and DLS measurements were conducted.
A

B

Figure 10. TEM images of A) 1:1 Au:Cu and B)1:2 Au:Cu reduced with sodium borohydride.
A

B

Figure 11. TEM images of A)1:10 Au:Cu and B)1:25 Au:Cu reduced with sodium borohydride.
As seen in Figure 10, spherical nanoparticles formed at a ratio of 1:1 Au:Cu and 1:2
Au:Cu. At the concentration of copper in the reactions of 1:1 Au:Cu and 1:2 Au:Cu, copper
nanoparticles did not form in the presence of sodium borohydride. Thus it is concluded that only
gold nanoparticles formed in the 1:1 Au:Cu and 1:2 Au:Cu syntheses. To further confirm this
33

experimentally, EDX and EELS were conducted on the 1:1 ratio of gold to copper and only gold
particles were identified. These results can be found in Appendix C. Particles also formed at the
ratio of 1:10 Au:Cu. However, aggregation mainly dominates the grid. With the ratio of 1:25
Au:Cu, the sample is completely aggregated. TEM results for 1:1 Au:Cu and 1:2 Au:Cu, show
smaller particles formed compared to those produced when reduced with trisodium citrate. In
addition, there is a much smaller size distribution. The DLS polydispersity index for the 1:1
Au:Cu is only slightly over 0.1. Thus the majority of the particles are monodisperse. This
conclusion is also reflected on the DLS size distribution graph in Appendix B. The ratio of 1:2
Au:Cu is much more polydisperse and the DLS data does not reflect the true size of the particles.
In addition, the size of the particles is decreasing with the addition of more copper ions.
Table 5. TEM and DLS results for 1.11 Au:Cu and 1:2 Au:Cu reduced with sodium borohydride.
TEM
STD

1:1

AVG
(nm)
9

1:2

6

DLS
PDI

3

AVG
(nm)
14

2

531

0.45

0.17

.
Although the TEM images show spherical gold nanoparticles at a ratio of 1:10 Au:Cu
reduced with sodium borohydride, the lowest ratio that stable, spherical gold nanoparticles
formed was at 1:2 Au:Cu. Two more reactions with these synthesis conditions were conducted
to access repeatability.
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Figure 12. UV/VIS results of triplicates of 1:2 Au:Cu reduced with sodium borohydride.
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Figure 13. TEM images of triplicates of 0.55 Au:Cu reduced with sodium borohydride.
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The UV/VIS results in Figure 12 show almost perfect repeatability between the 1st and
the 2nd reaction. Both measurements have a peak at 552 nm. However, the TEM measurements
show that the first reaction at this condition produced larger particles. The average particle size
was 8 ± 5 nm for the three reactions. Due to the polydispersity of the sample, the DLS results do
not reflect the primary particle size.
Table 6. TEM and DLS results for triplicates of 1:2 Au:Cu reduced with sodium borohydride.
Triplicate Number

STD

1

TEM AVG
(nm)
6

PDI

2

DLS AVG
(nm)
531

2

3

1

91

0.25

3

15

3

1106

0.50

Average

8

--

576

--

Standard Deviation

5

--

508

--

0.45

Table 7. Zeta potential measurements for triplicates of 1:2 Au:Cu reduced with sodium
borohydride.
Triplicate Number
1

Zeta Potential
(mV)
-38.4

2

-31.5

3

-23.6

Average

-31.2

Standard Deviation

7.4

The average zeta potential is -31 mV. Greater than -30 mV is considered highly
stable.32 Although there are Cu+ ions and SO4- ions present, this higher concentration of ions is
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not affecting the zeta potential. The greater stability of this reaction compared to 1:2 Au:Cu
trisodium citrate produced particles could be due to the higher amounts of copper citrate forming
in the trisodium citrate reaction. The formation of copper citrate is destabilizing the solution.
The pH of the final solution is 5.55. According to the Pourbiax diagrams, at a pH of 5.55 and
potential of -0.031 V, Au(s) and Cu+ are stable.33 This data confirms that only gold nanoparticles
and copper citrate are forming for these reaction conditions.

4.1.3 Comparison of the Two Methods at 1:2 Au:Cu
The synthesis of stable, spherical gold particles in the presence of copper using trisodium
citrate and sodium borohydride as a reducing agent had a limit of 1:2 molar ratio of gold to
copper. However, when using sodium borohydride as the reducing agent, particles did form at
the 1:10 molar ratio of gold to copper. This condition was not pursued further because, although
some spherical particles did form, the majority of the particles were aggregates. The sizing of
the particles produced by trisodium citrate was larger than the particles produced by sodium
borohydride, an average of 17 nm to 8 nm, respectively. The formation of larger particles by the
reduction of trisodium citrate compared to sodium borohydride is also noted in literature.16 The
zeta potential is more negative with the sodium borohydride particles than the trisodium citrate
produced particles, -35 mV to -14mV, respectively. Thus based on these results, when forming
stable, spherical gold nanoparticles in the presence of copper, sodium borohydride should be
used as the reducing agent. A conclusion based on the environmental effect of each process is
examined later in this discussion (Section 4.4).
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4.2 Au/Ni Synthesis
4.2.1

Trisodium Citrate Results

Due to the fact that the UV/VIS curves for a mixture of gold and copper started to broaden
and decrease in peak absorbance at a ratio of 1:1, the synthesis ratios examined for gold and
nickel began at 1:1. At a ratio of 1:1 Au:Ni and 1:2 Au:Ni the peak absorbance is 526 nm and
529 nm, respectively. As seen in Figure 14, this indicates the presence of gold nanoparticles.
However, for the ratios of 1:10 and 1:25 Au:Ni there is no peak around 520 nm and a peak
around 315 nm instead.11 The peak around 315 nm indicates HAuCl4. Thus, not all of the gold
chloride is reducing at these conditions. To determine if any nickel complexes were forming
during the synthesis of the gold nanoparticles with the reduction of trisodium citrate, four
reactions were conducted in the presence of solely nickel chloride. The molarities of the nickel
chloride used were that of the 1:1, 1:2, 1:10 and 1:25 Au to Ni synthesis conditions.
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Figure 14. UV/VIS for varying ratios of Au:Ni reduced with trisodium citrate.
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Figure 15. UV/VIS of nickel chloride with trisodium citrate at varying molarities.

The absorbance peaks at each of the concentrations, 390 nm, 650nm and 730nm, are
indicative of nickel chloride.36,37 Thus, the nickel chloride is not reacting with trisodium citrate.
The reaction of interest for gold nanoparticles in the presence of nickel is the following.
AuCl4 + H2O + Na3(C6H5O7)

Au(s) + CO2(g) + C5H6O5(aq) + H2O + NaCl(aq)

To further analyze the gold nanoparticles particles forming in the presence of nickel, TEM
and DLS analysis were conducted. The formation of gold nanoparticles was also confirmed with
EELS and EDX, and the results are given in Appendix C.
A

B

Figure 16. A) TEM images of 1:1 Au:Ni and B) 1:2 Au:Ni in the presence of trisodium citrate.
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A

B

Figure 17. Two TEM images of A)1:10 Au:Ni area 1 and B) 1:10 Au:Ni area 2 in the presence of
trisodium citrate.
TEM analysis showed particle formation for a ratio of 1:1, 1:2 and 1:10 Au:Ni, while
using trisodium citrate as a reducing agent. A grid was not prepared for the 1:25 Au:Ni ratio
because the absorbance at 520 nm was zero, indicating no gold nanoparticle formation.
Although particles formed at a ratio of 1:10 Au:Ni, the majority of the TEM grid is more
representative of the aggregation in Figure 17B. Thus, the lowest gold to nickel ratio in which
stable, spherical particles formed was 1:2 Au:Ni. From a ratio of 1:1 Au:Ni to 1:2 Au:Ni the
particle size increased with the increasing concentration of nickel, as seen in Table 8. The DLS
data shows the same diameter of 28 nm for both reactions. However, the solutions were
polydisperse, as indicated by the PDI. Therefore, DLS is not the best indicator of particle size.
Table 8. TEM and DLS results for 1:1 Au:Ni and 1:2 Au:Ni reduced with trisodium citrate.
TEM
DLS
(nm)
(nm)
AVG
STD
AVG
PDI
1:1

15

2

28

0.48

1:2

20

9

28

0.57
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Due to the fact that 1:2 Au:Ni was the lowest gold to nickel ratio particles formed, this
was the reaction of interest. Therefore, three separate syntheses were conducted at this ratio,
following the same protocol, to determine reproducibility. UV/VIS, TEM, DLS and Zeta were
measured for each reaction. The UV/VIS spectroscopy results show an absorbance peak at 530
nm for all of the triplicate reactions, as seen in Figure 18.
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Figure 18. UV/VIS results of triplicates of 1:2 Au:Ni reduced with trisodium citrate.

However, the absorbance is lower for the first reaction. As shown in the TEM images in
Figure 19, this reaction produced the smallest particles of the three and the grids were not as
concentrated. The 2nd and 3rd reaction at 1:2 Au:Ni produced particles with an average of 30 nm
and 29 nm, respectively. The DLS measurements and PDI for these two reactions were the exact
same at 44 nm a PDI of 0.59, as indicated by Table 9. Therefore, there is excellent
reproducibility between two of the three reactions.
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Figure 19. TEM images of the triplicates of the 1:2 Au:Ni reduced with trisodium citrate.
Table 9. TEM and DLS for the triplicates of the 1:2 Au:Ni reduced with trisodium citrate.
Triplicate Number
TEM AVG
STD
DLS AVG
PDI
(nm)
(nm)
1
20
9
28
0.57
2

30

9

44

0.59

3

29

6

44

0.59

Average

26

--

39

--

Standard Deviation

6

--

9

--
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Table 10. Zeta potential for the triplicates of the 1:2 Au:Ni reduced with trisodium citrate.
Triplicate Number
Zeta Potential
(mV)
1
-28.1
2

-16.0

3

-19.4

Average

-21.2

Standard Deviation

6.24

The average zeta potential is -21.1 mV. Between -20 and -30 mV is considered
moderately stable.32 The zeta potential of the 1st reaction is higher than the rest, this could be
due the fact the solution is less concentrated and the particles are not negatively interacting as
much as the 2nd and 3rd reaction. The pH of the final solution is 5.34. At this pH and -0.021 V,
Au(s) and Ni2+ are stable.33 This data confirms the equations presented earlier in the discussion
that gold nanoparticles form and nickel chloride does not react in the presence of trisodium
citrate.

4.2.2

Sodium Borohydride Results

To measure the same reaction conditions as the gold and copper system, gold and nickel
were also varied while using sodium borohydride as a reducing agent. Initially, UV/VIS
spectroscopy results for 1:1, 1:2, 1:10 and 1:25 Au:Ni were collected. At a ratio of 1:1 Au:Ni,
the absorbance peak is at 517 nm and is lower in intensity than the 1:2 Au:Ni peak. However,
the 1:2 Au:Ni peak shifts to 526 nm in Figure 20. This could indicate potential agglomeration of
some of the particles. To determine if any nickel complexes were forming during the synthesis
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of the gold nanoparticles with the reduction of sodium borohydride, four reactions were
conducted in the presence of solely nickel chloride. The molarities of the nickel chloride used
were that of the 1:1, 1:2, 1:10 and 1:25 Au to Ni synthesis conditions. The results can be seen in
Figure 21.
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Figure 20. UV/VIS results of varying ratios of Au:Ni in the presence of sodium borohydride.
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Figure 21. UV/VIS results of varying ratios of nickel chloride in the presence of sodium
borohydride.
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The peaks given in Figure 21 are around 390 nm, 650 nm and 730 nm. These are the
same peaks seen the reaction of nickel chloride with trisodium citrate and indicate nickel
chloride. Consideration for nickel borate was taken into account. However, nickel borate forms
a black precipitate and no black precipitate was observed during the reactions of nickel chloride
and sodium borohydride. In addition, further research suggests either a catalyst or higher
temperatures are required to form nickel borate.38 Thus the nickel chloride is not reacting. The
reaction of interest for gold nanoparticles in the presence of nickel chloride, when using sodium
borohydride as the reducing agent is the following.
AuCl4 + H2O + Na3(C6H5O7)

Au(s) + CO2(g) + C5H6O5(aq) + H2O + NaCl(aq)
A

B

C

Figure 22. TEM images of A)1:1 Au:Ni B)1:2 Au:Ni and C)1:10 Au:Ni in the presence of
sodium borohydride.
The formation of gold nanoparticles was also confirmed with EELS and EDX, and the
results are given in Appendix C. To further analyze the formation of gold nanoparticles in the
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presence of nickel chloride, while using sodium borohydride as the reducing agent, TEM and
DLS analysis were conducted. TEM images show formation of spherical gold nanoparticles at a
ratio of 1:1 and 1:2 Au:Ni, as seen in Figure 22 A and B. The ratio of 1:10 is completely
aggregated and a TEM grid was not prepared for the ratio of 1:25 Au:Ni due to the fact there was
zero absorbance around 520 nm. TEM and DLS measurements for the 1:1 Au:Ni ratio gave
similar results of around 10 nm particle size. The PDI for 1:1 Au:Ni was also only slight above
0.10, at 0.14, and thus indicates the solution has low polydispersity. Therefore, the
agglomeration seen in Figure 22A could be an effect of sample preparation and drying of the
TEM grid. The ratio of 1:2 Au:Ni shows particles than are slightly agglomerated and larger,
compared to the ratio of 1:1. Therefore, increasing the concentration of nickel chloride increases
the size of the gold nanoparticles when the metal mixture is reduced with sodium borohydride.
Table 11. TEM and DLS results of 1:1 Au: Ni and 1:2 Au:Ni while using sodium borohydride as
the reducing agent.

AVG

TEM
(nm)
STD

AVG

DLS
(nm)
PDI

1:1

11

4

9

0.14

1:2

19

5

33

0.55

Although the TEM image of 1:2 Au:Ni showed slightly agglomerated particles, the
UV/VIS results at this ratio showed a peak at 526 nm and no indication of broadening at higher
wavelength values. Therefore, the agglomeration in Figure 22B could be an issue with
overloading the grid. Based on these two observations, 1:2 Au:Ni was determined to be the
lowest ratio of gold to nickel in which spherical, stable gold nanoparticles could form, while
using sodium borohydride as a reducing agent. To confirm the repeatability at this ratio, two
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additional reactions were performed. UV/VIS, DLS and TEM measurements were conducted to
quantitatively measure repeatability. It is noted that the TEM grids were prepared by diluting the
final solution in water at a ratio of 1:1. This was done to prevent agglomeration on the grid
during drying.
1.2

1st
2nd
3rd

Absorbance(AU)

1
0.8
0.6
0.4
0.2
0
350

450

550
650
750
850
Wavelength(nm)
Figure 23. UV/VIS results of 1:2 Au:Ni triplicates, while using sodium borohydride as a
reducing agent.

UV/VIS results of the three reactions at 1:2 Au:Ni showed the exact same absorbance
peak at 528 nm. The TEM images of the three reactions are displayed in Figure 24. Diluting the
particles prevented agglomeration of the grid and the average size of the particles was 19 nm
with a standard deviation of only 2 nm. DLS results were also very similar between the three
reactions and had an average size of 35 ± 3 nm. Thus according to the UV/VIS, TEM and DLS
results, the 1:2 Au:Ni is a repeatable reaction.
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Figure 24. TEM images of the 1:2 Au:Ni triplicates reduced with sodium borohydride.

Table 12. TEM and DLS results of the Au:Ni triplicates reduced with sodium borohydride
Triplicate Number

STD

1

TEM AVG
(nm)
19

PDI

5

DLS AVG
(nm)
33

2

21

7

33

0.12

3

18

6

38

0.25

Average

19

--

35

--

Standard Deviation

2

--

3

--

0.55

To determine the stability of the reaction, zeta potential measurements were also
conducted. The zeta potential results did not show the same repeatability within 2 to 3 standard
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deviations, compared to the particle sizing results. The average zeta potential was -21.4 mV, as
seen in Table 13. This zeta potential is similar to the particles reduced with trisodium citrate and
indicates a moderately stable solution. However, the high standard deviation indicates the
stability of the solution varies. The average pH of the final solution was 5.28. At this pH and
-0.021 V, Au(s) and Ni2+ are stable.33 This data confirms the equations presented earlier in the
discussion. Gold nanoparticles form and nickel chloride does not react in the presence of sodium
borohydride at the reaction conditions.

Table 13. Zeta Potential results of 1:2 Au:Ni reduced with sodium borohydride.
Triplicate Number

4.2.3

1

Zeta Potential
(mV)
-18.2

2

-13.0

3

-33.0

Average

-21.4

Standard Deviation

10.4

Comparison of the Two Methods at 1:2 Au:Ni

The synthesis of stable spherical gold nanoparticles in the presence of nickel using
trisodium citrate and sodium borohydride as a reducing agent had a limit of 1:2 molar ratio of
gold to nickel. However, when using trisodium citrate as the reducing agent particles did form at
the 1:10 molar ratio of gold to nickel. This condition was not pursued further because although
some particles did form, the majority of the particles were aggregates. This observation is the
exact opposite of the gold to copper reactions. In the gold to copper reactions, spherical particles
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were still forming at the 1:10 molar ratio of gold to copper, while using sodium borohydride as
the reducing agent. In addition, while copper sulfate reacted with both trisodium citrate and
sodium borohydride, nickel chloride did not. Sizing of the gold nanoparticles formed in the
presence of nickel, indicated trisodium citrate produced larger particles than sodium
borohydride. The averages were 26 nm to 19 nm, respectively. The formation of larger particles
by the reduction of trisodium citrate compared to sodium borohydride is also noted in
literature.16 Reaction conditions are not effecting zeta potential measurements and the average
was -21 mV for both reducing agents. UV/VIS, TEM and DLS results for the reaction of 1:2
Au:Ni showed better repeatability when using sodium borohydride as a reducing agent. Thus,
based on the triplicate results, when forming stable, spherical gold nanoparticles in the presence
of nickel, sodium borohydride should be used as a reducing agent. A conclusion based on the
environmental effect of each process is examined later in this discussion (Section 4.4).

4.3 Au/Cu/Ni Synthesis
To better replicate the conditions in electronic waste, nickel and copper were combined to
form a ternary metal system with gold. The same ratios of gold to copper and nickel were
examined as those in the binary systems. In addition, the use of two reducing agents, trisodium
citrate and sodium borohydride was examined as well.
4.3.1

Trisodium Citrate Results

Based on the UV/VIS results in Figure 25, stable gold nanoparticles are no longer
forming after a 1:1:1 Au:Cu:Ni ratio. Due to the fact that the reaction of interest had been
identified, the syntheses were halted after a 1:10:10 Au:Cu:Ni ratio.
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Figure 25. UV/VIS results of varying molarities of Au:Cu:Ni reduced with trisodium citrate.
The reactions of interest are assumed to be the same as the binary systems and thus only
gold nanoparticles and copper citrate are forming at the reaction conditions. To determine what
size particles are forming at the above ratios, TEM and DLS were conducted.
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B

C

Figure 26. TEM images of A) 1:1:1 Au:Cu:Ni B) 1:2:2 Au:Cu:Ni C) 1:10:10 Au:Cu:Ni reduced
with trisodium citrate.
TEM images show particle formation in all three conditions. However, 1:1:1 Au:Cu:Ni
is the only ratio in which stable, spherical particles form. For the ratio of 1:2:2 Au:Cu:Ni, Figure
26B. shows that the gold nanoparticles that do form are agglomerated and most of the grid is
aggregated. For the ratio of 1:10:10 Au:Cu:Ni, Figure 26C shows the formation of small
particles in what appears to be larger particles or undried citrate. However, the 1:10:10
Au:Cu:Ni was mainly consumed by aggregation and the above figure only represents a small
section of the grid. Due to the fact that the majority of 1:2:2 Au:Cu:Ni and 1:10:10 Au:Cu:Ni
samples were aggregated, the DLS was unable to read the sample. Thus, Table 14 only indicates
the comparison of TEM and DLS results for the 1:1:1 Au:Cu:Ni ratio. A PDI of 0.57 given by
the DLS results indicate a polydisperse sample. Thus the average size of 35 nm was taken as the
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highest intensity measurement of the sample. Due to the polydispersity, TEM images are more
representative of the primary particle size, which was measured to be 14 ± 5 nm on average.
Table 14. TEM and DLS results for initial reaction of 1:1:1 Au:Cu:Ni reduced with trisodium
citrate.
TEM

1:1:1

AVG
(nm)
14

STD
5

DLS
AVG
(nm)
35

PDI
0.57

Due to the fact that 1:1:1 Au:Cu:Ni was the lowest ratio stable, spherical gold
nanoparticles formed while using trisodium citrate as the reducing agent, the reaction was
conducted two additional times. UV/VIS, TEM, DLS and zeta potential measurements were
conducted to quantify repeatability. As seen in Figure 27 below, all of the UV/VIS curves
showed an absorbance peak of 529 nm. TEM particle sizing in Table 15 agrees within 2 nm
standard deviation with an average size of 13 nm. The DLS average and PDI for reaction 1 and
3 agree at an average of 34 nm and PDI of 0.57. However, DLS results for reaction 2 measures
an average particle size of 73 nm with a PDI of 0.67. The DLS intensity versus size curves in
Appendix C show that this measurement does show particles in the lower size range. However,
due to the high polydispersity of the sample, a larger sizing value is given.
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Figure 27. UV/VIS results of 1:1:1 Au:Cu:Ni triplicates reduced with trisodium citrate.
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Figure 28. TEM images of 1:1:1 Au:Cu:Ni triplicates reduced with trisodium citrate.
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Table 15. TEM and DLS measurements for 1:1:1 Au:Cu:Ni triplicates reduced with trisodium
citrate.
Triplicate Number

STD

1

TEM AVG
(nm)
14

PDI

5

DLS AVG
(nm)
35

2

11

4

73

0.67

3

13

5

33

0.57

Average

13

--

47

--

Standard Deviation

2

--

23

--

0.57

Table 16. Zeta potential measurements for 1:1:1 Au:Cu:Ni triplicates reduced with trisodium
citrate.
Triplicate Number
1

Zeta Potential
(mV)
-20.2

2

-15.6

3

-28.6

Average

-21.5

Standard Deviation

6.6

To measure the stability of the three reactions, zeta potential measurements were
conducted. The average zeta potential was -21 mV. This zeta potential indicates the 1:1:1
Au:Cu:Ni sample is moderately stable. Reaction 2 had the lowest zeta potential, this is due to
the polydispersity of the sample as indicated in the DLS. The average pH of the final solution
was 5.11. According to the Pourbaix diagrams, at pH 5.11 and -0.021 V, Au(s), Cu+ and Ni2+ are
stable. This data confirms that the same ions are stable as in the binary system. At 1:1:1
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Au:Ni:Cu reduced with trisodium citrate, gold nanoparticles and copper citrate are forming,
while nickel chloride is not reacting.

4.3.2

Sodium Borohydride Results

Based on the UV/VIS spectroscopy results in Figure 29, stable gold nanoparticles are no
longer forming after a 1:1:1 Au:Cu:Ni ratio. Due to the fact that the reaction of interest had been
identified, the syntheses were halted after a 1:10:10 Au:Cu:Ni ratio. This is the same trend as
seen in the varying ratios of Au:Cu:Ni reduced with trisodium citrate.
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Figure 29. UV/VIS results of varying molarities of Au:Cu:Ni reduced with sodium borohydride.

The reactions of interest are assumed to be the same as the binary systems and thus only gold
nanoparticles and copper citrate are forming at the reaction conditions. Nickel chloride is not
reacting and copper nanoparticles were not formed at this concentration of copper, as discussed
previously. To determine what size particles are forming at the above ratios, TEM and DLS
were conducted.
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Figure 30. TEM images of A) 1:1:1 Au:Cu:Ni B) 1:2:2 Au:Cu:Ni and C) 1:10:10 Au:Cu:Ni
reduced with sodium borohydride.
TEM images show the formation of gold nanoparticles at a ratio of 1:1:1 Au:Cu:Ni and
1:2:2 Au:Ni:Cu. However, the majority of the 1:2:2 Au:Cu:Ni sample is aggregated and the
DLS was unable to measure the sample. The ratio of 1:10:10 Au:Cu:Ni is completely
aggregated. The only ratio in which TEM and DLS results were both obtained was 1:1:1
Au:Cu:Ni. As seen in the TEM measurements of Table 17 and the image of Figure 30A, the
particles appear to be a uniform average size of 3 ± 1 nm. However, the DLS measurements
indicated polydispersity. This could be due to the fact that the TEM grid was prepared
immediately after the reaction, while the DLS was measured several days later. According to the
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UV/VIS and TEM results, 1:1:1 Au:Cu:Ni is the lowest ratio in which stable, spherical gold
nanoparticles can form when reduced with sodium borohydride.
Table 17. TEM and DLS measurements for initial reaction of 1:1:1 Au:Cu:Ni reduced with
sodium borohydride.
AVG
(nm)
3

1:1:1

TEM
STD
1

AVG
(nm)
164

DLS
PDI
0.78

The 1:1:1 Au:Cu:Ni reaction was conducted two more times to determine repeatability. UV/VIS
results show a peak at 537 nm for the first reaction and 550 nm for the second and third reaction.
In addition, the shape of the UV/VIS curve shows notable absorbance at higher wavelengths. To
further analyze the sample, TEM, DLS and zeta potential were measured.
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Figure 31. UV/VIS results for 1:1:1 Au:Cu:Ni triplicates reduced with sodium borohydride.
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Figure 32. TEM images of triplicates of 1:1:1 reduced with sodium borohydride.

TEM images indicated poor repeatability between the samples. The image of reaction 2
and reaction 3 indicate aggregation and agglomeration of particles. The particles that did form in
the second and third 1:1:1 Au:Cu:Ni were sized to be an average of 5 nm and 11 nm,
respectively. The DLS measurements gave an average particle size of 187 nm. Thus the DLS is
measuring the aggregates.
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Table 18. TEM and DLS measurements for 1:1:1 Au:Cu:Ni triplicates reduced with sodium
borohydride.
Triplicate number

STD

1

TEM AVG
(nm)
3

PDI

1

DLS AVG
(nm)
164

2

5

7

255

0.40

3

11

6

142

0.28

Average

6

--

187

--

Standard Deviation

4

--

60

--

0.78

To determine the stability of the 1:1:1 Au:Cu:Ni samples, zeta potential was measured.
The average zeta potential is -28 mV which indicates a moderately stable sample. However,
since completing these measurements the particles have fallen out of solution and are no longer
stable. The average final pH of the solution was 4.63. According to the Pourbaix diagrams, at
this pH and a potential of -0.028 V, Au(s), Cu+ and Ni2+ are stable.33 This data supports the that
assumption that the same reactions are happening are in the binary case. Gold nanoparticles and
copper citrate are forming in this reaction, while nickel chloride remains unreacted. However,
the gold nanoparticles are no longer stable.
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Table 19. Zeta potential measurements for 1:1:1 Au:Cu:Ni triplicates reduced with sodium
borohydride.
Triplicate Number

4.3.3

1

Zeta Potential
(mV)
-33.3

2

-26.1

3

-25.4

Average

-28.3

Standard Deviation

4.37

Comparison of the Two Methods at 1:1:1 Au:Cu:Ni

The synthesis of stable, spherical gold nanoparticles in the presence of copper and nickel
using trisodium citrate and sodium borohydride as a reducing agent had a limit of 1:1:1 molar
ratio of gold to copper to nickel. Particles did form at a ratio of 1:2:2 gold to copper to nickel for
both reducing agents. However, the solution was unstable and mainly aggregated. In addition,
while using trisodium citrate as the reducing agent, particles formed at the 1:10:10 gold to copper
to nickel ratio. Again the solution was unstable and aggregated so the 1:1:1 gold to copper to
nickel solution remained the reaction of interest.
Particle sizing indicated 13 nm verses 6 nm particles formed for trisodium citrate and
sodium borohydride, respectively. The formation of larger particles by the reduction of
trisodium citrate compared to sodium borohydride is also noted in literature.16 The zeta potential
for the 1:1:1 Au:Cu:Ni sodium borohydride reduction reaction is -28 mV compared to -21 mV
for trisodium citrate. This measurement would indicate that the 1:1:1 Au:Cu:Ni solution reduced
with sodium borohydride is more stable. However, this is not the case and the particles have
since precipitated out of the 1:1:1 Au:Cu:Ni sodium borohydride solution. Thus, based on the
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stability of the samples, when forming stable, spherical gold nanoparticles in the presence of
copper and nickel, trisodium citrate should be used as the reducing agent. A conclusion based on
the environmental effect of each process is examined in the following section.

4.4 Green Chemistry Analysis
The atom economy and E-factor for each synthesis method explored are presented in this
section. Atom economy is the molecular weight of the final product over the molecular weight
of the reactants. A comparison of the atom economy for the Turkevich and sodium borohydride
reactions for the gold to copper system is given below.
Table 20. Atom Economy values for the gold to copper systems.
Method
Turkevich
NaBH4
Turkevich
NaBH4
Turkevich
NaBH4

Au:Cu
1:0
1:0
1:2
1:2
1:20
1:20

Atom
Economy
32
30
23
22
23
22

The atom economy for the pure gold system is measured at 32 and is 30 for the sodium
borohydride system. The higher atom economy number represents a lower number of reactants,
when keeping the product constant, and ultimately translates to lower waste. In both reactions,
the product is gold nanoparticles, thus the sodium borohydride method has the higher amount of
reactants. Initial reactant input was given in the method setup of the reaction conditions and
does not add new information. In addition, this metric does not take into account the increasing
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molarity of copper in the reactions. Thus, only E-factor was pursued as the metric of choice for
the reaction conditions of interest.
E-factor is defined as total waste in kilograms per kilogram of product. The ideal Efactor is zero, or no waste generated in a process. The efficiency of the reaction must be taken
into account for the production of nanoparticles. This is because the yield of methods using less
toxic reagents may be too low to be efficient.28 Based on this fact, the yield of gold
nanoparticles was taken into account for this study using ICP-OES. Appendix D gives the ICPOES results for each reaction condition. During ICP, samples were centrifuged to separate the
solid and liquid components of the system. According to the results, there was no gold in the
liquid part of the system. This means for the 1:2 ratios of Au:Cu and Au:Ni and the 1:1:1 ratio
of Au:Cu:Ni, the yield was 100% percent for both reactions. Table 21 shows the E-factor
comparison for the reducing agents of the 1:2 Au:Cu system. When calculating with solvents,
the Turkevich method has the lowest E-factor. However, when calculating without the solvents,
as is often done is the pharmaceutical industry due to heavy filtration processes, the sodium
borohydride method has the lowest E-factor. This same trend was seen in the method
comparison when only pure gold is present. The gold to nickel system and gold to copper to
nickel mixture system mirror the same trends and magnitudes of E-factors. This is due to the
fact that E-factor is calculated in kilogram and copper sulfate and nickel are only 0.1 kilogram
apart.
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Table 21. E-factor for the comparison of the reducing agents for the Au:Cu system.
Method
Turkevich
NaBH4
Turkevich
NaBH4
Turkevich
NaBH4
Turkevich
NaBH4

Calculations with
Solvent

Calculations without
Solvent

Au:Cu
1:0
1:0
1:2
1:2
1:0
1:0
1:2
1:2

E-Factor
9752
13681
9754
13684
6
3
8
6

Table 22. E-factor for the comparison of the reducing agents for the Au:Ni system.
Calculations with Solvent

Calculations without
Solvent

Method

Au:Ni E-Factor

Turkevich
NaBH4
Turkevich
NaBH4
Turkevich
NaBH4
Turkevich
NaBH4

1:0
1:0
1:2
1:2
1:0
1:0
1:2
1:2

9752
13681
9753
13682
6
3
7
4

Table 23. E-factor for the comparison of the reducing agents for the Au:Cu:Ni system.
Calculations with
Solvent

Calculations without
Solvent

Method
Turkevich
NaBH4
Turkevich
NaBH4
Turkevich
NaBH4
Turkevich
NaBH4

Au:Cu:Ni
1:0
1:0
1:1:1
1:1:1
1:0
1:0
1:1:1
1:1:1

E-Factor
9752
13681
9754
13683
6
3
8
5
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Chapter 5 – Conclusion
This study confirmed the hypothesis that gold nanoparticles can be synthesized from a
mixed metal precursor. The limit for gold nanoparticle formation was 1:2 Au:Cu, 1:2 Au:Ni and
1:1:1 Au:Cu:Ni using both trisodium citrate and sodium borohydride as reducing agents. Due to
the stability results of 1:2 Au:Cu and excellent repeatability of 1:2 Au:Ni, using sodium
borohydride as a reducing agent is recommended. For the ternary system, using trisodium citrate
as a reducing agent is recommended. This is due to the fact that the 1:1:1 Au:Cu:Ni particles
produced with sodium borohydride were less stable and precipitated out of solution.
When considering green chemistry metrics at these ratios, the Turkevich method is
recommended due to its lower environmental factor. When not including solvent calculations in
the E-factor analysis, sodium borohydride had a smaller E-factor. However, the E-factors
examined in this study were in the range typical for gold nanoparticle formation.27 The disparity
between the synthesis recommendations and green chemistry metrics highlight a need for a
stability and a reproducibility factor to be included in E-factor calculations.
The results of the study also showed an unexpected trend in the sizing of the particles.
Increasing the concentration of copper decreased the size of the particles. While increasing the
concentration of nickel increased the size of the particles. Increasing size of the particles with
increasing concentration of an added metal is expected because of potential aggregation of
smaller particles due to increasing ions in the solution. However, the decreasing size of particles
with increasing concentration of copper is still unexplained. One hypothesis, is that the citrate
used in the reduction process has a greater affinity for the copper and is reacting to form copper
citrate instead of gold nanoparticles. However, this assumption would need to be studied further.
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Chapter 6 - Future Work
Future work should be done on narrowing the window in which stable spherical gold
nanoparticles form. This study explored 1:2 Au:Cu and 1:2 Au:Ni as the limit for stable
spherical gold nanoparticle formation. However, the limit may be lower than 1:2 and somewhere
between the 1:2 and 1:10 Au:Cu and Au:Ni data. The ratio of gold to copper to nickel could also
be adjusted. For simplicity, the study kept the ratio of copper and nickel the same. However, the
copper ratio could be kept constant, while the nickel ratio is increased and vice versa. This study
focused on incrementally stepping down the ratios of metals, but did not refine the ratios further
once data was collected.
Other ratios that could be altered are that of sodium borohydride and citrate, while using
sodium borohydride as the reducing agent. It is possible there was not enough trisodium citrate
in these reactions for adequate capping of the particles. Stable spherical particles may be able to
be obtained at lower ratios of gold to copper and nickel by adding more citrate and preventing
aggregation.
Concerning stability, future work could be done on determining the limit in which the
gold nanoparticles are no longer stable. For the purpose of this study, stability was measured as
stable in solution for collection of UV/VIS and DLS data, up to a week. Six months later some
of the particles surpass this time line, while others do not. The accurate measurement of when
the gold nanoparticles are no longer stable at varying mixed metal ratios would prove useful in
further optimization work.
In addition, future work should also be done on isolating the gold nanoparticles formed at
lower ratios of gold to copper and nickel, than those examined in this study. For example, gold

66

nanoparticles are still forming at a ratio of 1:2:2 Au:Cu:Ni, even though they are not stable.
These particles could be isolated by centrifugation and suspended in solution. Depending on the
yield and final purpose of the particles, this process could lead to an even further optimization.
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Appendix A: UV/VIS results of all varying ratios of Au:Cu
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Figure 33. UV/VIS results of all Au:Cu ratios when using trisodium citrate as the reducing agent
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Figure 34. UV/VIS results of all Au:Cu when using sodium borohydride as a reducing agent
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Appendix B: DLS Graphs
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Figure 35. DLS graph of intensity vs. size for 1:1 Au:Cu reduced with trisodium citrate.
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Figure 36. DLS graph of intensity vs. size for all 1:2 Au:Cu reactions reduced with trisodium
citrate.
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Figure 37. DLS graph of intensity vs. size for 1:10 Au:Cu reduced with trisodium citrate.
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Figure 38. DLS graph of intensity vs. size for 1:1 Au:Cu reduced with sodium borohydride.
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Figure 39. DLS graph of intensity vs. size for all 1:2 Au:Cu reactions reduced with sodium
borohydride.
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Figure 40. DLS graph of intensity vs. size for 1:10 Au:Cu reduced with sodium borohydride.
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Figure 41. DLS graph of intensity vs. size for 1:1 Au:Ni reduced with trisodium citrate.
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Figure 42. DLS graph of intensity vs. size for all reactions of 1:2 Au:Ni reduced with trisodium
citrate.
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Figure 43. DLS graph of intensity vs. size for 1:10 Au:Ni reduced with trisodium citrate.
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Figure 44. DLS graph of intensity vs. size for 1:1 Au:Ni reduced with sodium borohydride.
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Figure 45. DLS graph of intensity vs. size for all 1:2 Au:Ni reactions reduced with sodium
borohydride.

30

Intensity

25
20
15
10
5
0
0.1

1

10

100

1000

10000

Wavelength (nm)
Figure 46. DLS graph of intensity vs. size for 1:10 Au:Ni reduced with sodium borohydride.
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Figure 47. DLS graph of intensity vs. size for all 1:1:1 Au:Cu:Ni reactions reduced with
trisodium citrate.
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Figure 48.DLS graph of intensity vs. size for all 1:1:1 Au:Cu:Ni reactions reduced with sodium
borohydride.
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Appendix C:EDX and EELS results

Figure 49. EELS results of 1:1 Au:Cu reduced with trisodium citrate.
Copper particles would show a peak at 940 eV. Due to the fact there is no peak, only gold
nanoparticles are forming.

Figure 50. EDX results of 1:1 Au:Cu reduced with trisodium citrate.
Presence of gold was confirmed. The copper peaks were not accounted for because a copper
grid was used.
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Figure 51. EELS results of 1:1 Au:Cu reduced with sodium borohydride.
Copper particles would show a peak at 940 eV. Due to the fact there is no peak, only gold
nanoparticles are forming.

Figure 52. EDX results of 1:1 Au:Cu reduced with sodium borohydride.
Presence of gold was confirmed. The copper peaks were not accounted for because a copper
grid was used.
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Figure 53. EELS results of 1:1 Au:Ni reduced with trisodium citrate.
Nickel particles would show a peak at 855 eV. Due to the fact there is no peak, only gold
nanoparticles are forming.

Figure 54. EDX results of 1:1 Au:Ni reduced with trisodium citrate.
Presence of gold is confirmed. No peaks were registered for nickel.
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Figure 55. EELS results of 1:1 Au:Ni reduced with sodium borohydride.
Nickel particles would show a peak at 855 eV. Due to the fact there is no peak, only gold
nanoparticles are forming.

Figure 56. EDX results of 1:1 Au:Ni reduced with sodium borohydride.
Presence of gold is confirmed. No peaks were registered for nickel.
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Appendix D:ICP Results
Table 24. ICP results for Au:Cu reduced with trisodium citrate.

Table 25. ICP results for Au:Cu reduced with sodium borohydride.
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Table 26.ICP results for Au:Ni reduced with trisodium citrate.

Table 27.ICP results for Au:Ni reduced with sodium borohydride.

Table 28.ICP results for Au:Cu:Ni reduced with trisodium citrate.
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Table 29. ICP results for Au:Cu:Ni reduced with sodium borohydride.
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